Experiments were conducted to determine the water solubility of alkali basalts from Etna, Stromboli and Vesuvius volcanoes, Italy. The basaltic melts were equilibrated at 1,200°C with pure water, under oxidized conditions, and at pressures ranging from 163 to 3,842 bars. Our results show that at pressures above 1 kbar, alkali basalts dissolve more water than typical mid-ocean ridge basalts (MORB). Combination of our data with those from previous studies allows the following simple empirical model for the water solubility of basalts of varying alkalinity and fO 2 to be derived:
Introduction
It is now well established that volatile constituents (H 2 O, CO 2 , S) play an important role in magmatic processes. For instance, arc magmas owe in large part their explosive nature, and thus their dangerousness, to the presence of dissolved volatiles. In particular, H 2 O, the most important volatile species present in magmas, has been shown to be the main driving force of explosive volcanic eruptions through magma vesiculation and expansion (e.g. Burnham 1979) . A large explosion produces many ejecta, creating a risk for people living around volcanoes. Also, the release of gaseous species, especially S, CO 2 and Cl, to the atmosphere by volcanic eruptions has been shown to have an effect on the global climate (e.g. Devine et al. 1984; Robock 2000) . All these reasons render the quantitative modelling of magma degassing on Earth, one of the major goals of igneous petrology.
Alkali basalts are known to feed the reservoirs of some arc volcanoes (e.g. Stromboli Metrich et al. 2001 ) which sometimes generate explosive eruptions. Therefore, studying the solubility of water and other major volatiles species dissolved in basaltic melts, both at pressures corresponding to the depth of the reservoir and to different heights in the volcanic conduit, can provide important constraints on the conditions of gas saturation in basaltic systems, as well as on eruptive processes at basaltic volcanoes.
Until today, however, only a few works have been carried out to determine the H 2 O solubilities in alkali basaltic melts. Most previous water solubility studies have focused on MORB compositions. Indeed, Dixon et al. (1995) made experiments on MORB melts (Fe-rich basaltic glasses) at pressures between 200 and 700 bars, and Ohlhorst et al. (2001) and Berndt et al. (2002) investigated the water solubility of MORB melts at pressures up to 5,000 bar. Botcharnikov et al. (2005) made some experiments on a moderately alkali-rich basalt but only at a pressure of 5,000 bar. More recently, Behrens et al. (2009) have performed a systematic study on the H 2 O-CO 2 solubilities in a K 2 O-rich basalt from Colli Albani, Italy at pressures ranging between 500 and 5,000 bar. Thus, constraints on the water solubility of alkali basaltic melts at pressures between 150 and 2,000 bar are scarce, yet such data are much needed to model volatile behaviour in alkali-rich basaltic reservoirs and associated eruptions.
To fill in this gap, we have conducted experiments on 3 compositions from Vesuvius, Etna and Stromboli volcanoes. These volcanoes commonly erupt basalts of compositions ranging from basalt, K-basalt to tephrite. A good set of data on volcanic gases is available, and preeruptive conditions are reasonably well known (Belkin et al. 1998; Signorelli et al. 1999; Bruno et al. 2001; Metrich et al. 2001; Bertagnini et al. 2003; Allard et al. 2006; Di Carlo et al. 2006; Pichavant et al. 2009) , which make the application of experiments to natural conditions straightforward. Gas emission measurements at Etna and Stromboli have shown that some eruptions may release up to 10 5 metric tons/days of H 2 O, CO 2 and S-rich gas during peak activity (Bruno et al. 2001; Vergniolle and Mangan, 2000; Allard et al. 2006) , although the exact mechanism of gas release are still obscure. Confrontation of such measurements with established solubility laws of emitted volatiles is one way to unravel the process of magma degassing at depth (e.g. Spilliaert et al. 2006) .
In this paper, we report measurements of water solubility of alkali basalts from these three Italian volcanoes at 1,200°C, at pressures ranging from 160 up to 3,842 bar and at fO 2 corresponding to about NNO + 3.5. Concentrations of water in quenched glasses from vapour-saturated experiments were measured by Karl-Fischer titration and infrared spectroscopy. This paper is the first one of a series aimed at establishing thermodynamic models of solubility of C-H-O-S volatiles dissolved in alkali basalts which are needed to quantitatively model magma degassing (Scaillet and Pichavant 2005; Burgisser and Scaillet, 2007) .
Experimental techniques Starting material
Experiments were conducted in parallel with three alkali basalts: VES-9 (tephrite) comes from a mediaeval strombolian eruption of Vesuvius, ET02PA27 (basalt) comes from a lava flow of the 22/11/2002 eruption on the southern flank of Mount Etna (supplied by N. Métrich) and PST-9 (basalt) is a golden pumice from Stromboli (Di Carlo et al. 2006) .
The natural samples were powdered and melted in a Pt crucible at atmospheric pressure, at 1,400°C during 3 h in order to get homogeneous and nominally anhydrous glasses. The resulting glasses were analysed by electron microprobe. Their compositions are listed in Table 1 . To prevent formation of bubbles in the samples during the experiments, only blocks of glass (less than 2 mm side) were used as starting materials. About 60-100 mg of starting material was used for each experiment. Glass chips were loaded with known amounts of H 2 O in noble metal capsules, so that an H 2 O-rich fluid phase always coexists with the basaltic liquid phase at the target P-T conditions. Either Pt or AuPd (Au 75 Pd 25 , Au 80 Pd 20 ) capsules (2 cm height, 2.5 mm inner, 2.9 mm outer diameters) were used as containers. AuPd capsules were preferably used in an attempt to minimize iron loss during the experiments. Capsules were sealed by arc welding and then loaded into an internally heated pressure vessel (IHPV).
Equipment and experiments
Experiments were performed in an internally heated pressure vessel (IHPV) working vertically, using pure argon as a pressure medium.
Capsules (up to 6, in most cases 4) were placed together in a sample holder, made of a thin Al 2 O 3 tube, which was hung from a Pt-wire near the top of a double-wound molybdenum furnace. Temperature was controlled by two type-S thermocouples, placed along the length of the capsules. The temperature difference between the top and the bottom of the capsule was always less than 10°C.
Experiments were ended by using a drop-quench technique (Di Carlo et al. 2006 ): an electrical current was passed through the Pt-wire which was melted. Thereafter, capsules felt to the cold part of the vessel (<100°C). The cooling rate was about 100°C/sec (Di Carlo et al. 2006) .
Experiments were performed at 1,200°C and at various pressures ranging from 163 to 3,848 bars (see Table 2 for details). Redox conditions were kept oxidizing i.e. at fO 2 of about NNO + 3.9 which is the intrinsic of the IHPV when pressurized with pure Ar under H 2 Osaturated conditions; (NNO is the fO 2 of the Ni-NiO buffer at the same P and T). Most experiments lasted between 4 and 8 h. Based on previous experimental works performed using similar procedures, the equilibrium between the basaltic liquid and the fluid phase is considered to be reached under these conditions (Botcharnikov et al. 2005; Dixon et al. 1995; Behrens et al. 2009 ). In particular, the available constraints on water diffusivity in basaltic melts (Zhang and Stolper 1991) suggest that gas-melt equilibrium is attained in a matter of a few minutes under the experimental conditions investigated here. After the quench, capsules were weighed to verify that they had remained sealed during the experiment and that no weight loss had occurred. The water-saturated condition of experimental charges was systematically checked by the presence of water bubbles hissing out from the capsules during their opening, together with a wet appearance of recovered glass chips. All experiments performed in this study are reported in Table 2 . 
Analytical techniques
Quenched glasses were mounted in epoxy resin and polished with diamond solutions for subsequent electron microprobe analyses. These were performed with a SX50 CAMECA electron microprobe (BRGM-ISTO, Orléans, France), using the following analytical conditions: accelerating voltage 15 kV, beam current 6nA, beam diameter 10 μm, counting time on peak 10 s. A ZAF correction procedure was applied. Alkali migration was corrected using glass standards with known H 2 O contents determined by KFT analyses. Major elements calibration used wollastonite (Ca), haematite (Fe), albite (Na, Si), corundum (Al), olivine (Mg) and orthoclase (K) standards. Multiple measurements were made for each sample to check for homogeneity.
Densities of selected samples were measured by the Archimedean method, using a Mettler balance equipped with a density accessory kit: samples were weighed successively in air and ethanol. The measurements were performed on samples weighting from 5 up to 20 mg.
The water content of experimental glasses was measured by Karl-Fischer titration at ISTO using a procedure similar to that detailed by Behrens (1995) . One to three chips of glasses, wrapped within a Pt foil, as hydrous glasses tend to explode upon heating, were loaded in a Pt crucible and heated with an induction furnace up to 1,300°C to extract all dissolved water. All water released was conducted by an Ar flux to a CuO furnace to convert any H-bearing species present into H 2 O molecules. Then, H 2 O molecules were analysed in the titration cell by a coulometric method (Behrens 1995) . Reproducible analyses were obtained for samples yielding about 200-500 μg of H 2 O, which required between 4 and 20 mg of glass, depending on its H 2 O content. Following previous works, we assumed that the residual water within the samples after KFT analyses is about 0.10 ± 0.05 wt% (Behrens et al. 1996) . For each experimental run product, up to three measurements were done whenever enough material was available.
Water dissolved in quenched glasses was also determined by transmission IR spectroscopy on doubly polished glass chips, with thicknesses varying between 70 and 300 μm. Thicknesses were measured with an optical microscope to within 3 μm.
To determine the water content in the samples, we used a microchamber attachment to the FTIR spectrometer Nicolet™ Magna spectrometer 760, together with a white source, a CaF 2 beamsplitter and a MCT-A detector (mercury, cadmium, tellurium). Analytical conditions for each analysis were 128 scans and 2 cm −1 resolution. The diameter of the analysed spot was 100 μm. The background was acquired in air for each measurement. For each sample, 3 spots were made, allowing us to check for the homogeneity of the water concentration. Figure 1 shows a typical spectrum which displays several peaks: one at a wavenumber of 5,200 cm −1 and another one at 4,500 cm −1 . The 5,200 cm −1 band is attributed to the combination stretching + bending mode of molecular H 2 O, and the 4,500 cm −1 band to the combination of stretching + bending mode of OH groups (Stolper 1982; Tamic et al. 2001) . Total concentrations of water were calculated by measuring concentrations of water dissolved as molecular water and as hydroxyl groups. A broad intense band at about 5,700 cm −1 is observed in some spectra and is attributed to crystal field transitions of divalent Fe ion (Rossman 1988; Ohlhorst et al. 2001) .
Three different methods of modelling the baseline are discussed by Ohlhorst et al. (2001) . We have chosen the type TT in which simple straight lines are fitted to the base of the 4,500 and 5,200 cm −1 bands (Fig. 1 ). This method was adopted in the present study because it is the simplest and leads to a higher reproducibility of the determined total water content. Using this method induces systematic errors in the determination of the peak intensities: the intensity is overestimated for the band at 5,200 cm −1 (this overestimation has been estimated to be less than 8%, which is within the uncertainty of the peak height determination), whilst the intensity for the band at 4,500 cm −1 is underestimated (between 13 and 34% depending on the total water dissolved in the melt). However, the extinction coefficients have been specifically determined in this study for each melt composition using the TT method. Therefore, for further model including H 2 O speciation defined in this study, we should keep in mind that the extinction coefficients we used are strictly defined for these melt compositions and the method used to determined dissolved water amounts.
Results

Run products
Charges from experiments performed with no more than 4 capsules in the sample holder quenched to brown crystal-free glasses. In contrast, experiments in which 5-6 capsules were ran together showed some quench crystallization (run1, run2, run5). The quench crystals were 1-2 microns in size but did not prevent FTIR and EMPA analyses from being carried out.
Major element compositions
The major element compositions of the quenched glasses are reported in Table 2 . Analytical errors for all the major elements are less than 0.3%, except for SiO 2 (around 0.5%) and for FeO (<0.8%). Platinum from the capsule and to a lesser extent AuPd, both react with iron from the melt to form an alloy (Pt-Fe or AuPd-Fe), resulting in Fe-loss from the melt. Since all charges are crystal free (with the exception of the quench crystals noted above), we assume that any difference in FeO contents between quenched glasses (Table 2 ) and starting compositions (Table 1) is due to iron alloying with the container. It appears that for all but one charge (4#2), the iron loss of experiments carried out in Pt capsules is less than 20%, whilst for experiments carried out in Au-Pd capsules, it is less than 10%.
Density
Density measurements are reported in Table 3 . The large analytical errors (between 0.7 and 5%) are due to the shortage of large experimental glass fragments. In fact, we found that a reliable density measurement requires a minimum of 10-15 mg of glass. As anticipated, our data show that there exists a linear regression between density and the water content of hydrous glasses. When density measurements were not possible because glass was not available in sufficient quantities, or when the standard deviation of the density measurements was too high, the density of the glass was calculated from the density of anhydrous glasses measured at room temperature, together wit a partial molar volume of 12 cm 3 /mol (Richet et al. 2000) to account for the presence of dissolved H 2 O. (20) and (21) and using the relationship derived by Silver and Stolper (1985) (see text for explanation)
KFT results
Results of water solubility obtained by KFT analyses are reported in Table 3 . Typically, for a measurement time of 12 min and a sample mass of 10 mg, the maximum uncertainty (one sigma) is of ±0.15% relative (Behrens et al. 1996) . Thus, the analytical error reported for samples for which only one analysis is available is taken to be 0.15% relative. For samples with multiple analyses, standard deviations of water concentrations (Table 3) are often below 0.15 wt% H 2 O. This error originates from the uncertainty in unextracted water. Maximum standard deviations were obtained for run2#12, run3#3 and run5#3 (up to 0.37%). However, these experiments were performed with 5 or 6 capsules placed together in the IHPV, and some of the glasses (run2#12 and run5#3) have some quench crystals. Results of water solubilities are shown in Fig. 2 for the three compositions investigated. Good correlations are obtained between water solubilities and pressure ( Fig. 3a-c) . In detail, the tephrite from Vesuvius displays a higher H 2 O solubility than that of the two others investigated compositions (Fig. 3d) , which display broadly similar behaviour. Figure 3 shows the total dissolved water contents of the quenched glasses (from the KFT results), against the water fugacity. The latter was calculated at the corresponding P and T with the modified Redlich-Kwong equation of state defined by Holloway (1977) as tabulated by Dixon et al. (1995) . Power law regressions of the data yield the following equations:
FTIR results
Although the FTIR technique allows one to obtain the speciation of water dissolved in quenched glasses, it is important to stress that the speciation is measured at room temperature, as discussed in detail below. The molar absorptivity for each band was determined assuming that the molar extinction coefficient for each band and for a given melt composition is constant, independent on the quench rate and the water content (McMilland 1994; Dixon et al. 1995; Di Matteo et al. 2006) and that the total water dissolved in the melt is due to the sum of molecular water and hydroxyl groups:
The concentration of species in the quenched glass is calculated using the modified BeerLambert law (e.g. Stolper 1982): where C i is the concentration of water dissolved in the melt as species i, (either molecular or hydroxyl groups), is the molar mass of water (g*mol −1 ), Abs i is the absorbance of species i, ρ is the density (g*l −1 ), d is the thickness of the glass sample (cm) and ε i is the molar extinction coefficient (l mol −1 cm −1 ) for the specific absorption band. Molar extinction coefficients for the three basaltic melts have been determined using the method described by Novak and Behrens (1995) and Schmidt et al. (2001) . Regressions are reported in Fig. 4 , and the values are reported in Table 4 . Figure 5 shows the speciation patterns of water for the three glass compositions, which are generally as observed in previous works (e.g. Stolper 1982; Dixon 1997; Behrens et al. 2009 ). The lack of clear compositional dependence suggests that the observed differences in speciation patterns primarily reflect variations in quench rates, as discussed further below. ) calculated for VES-9, ETN-1 and PST-9 compositions, and from previous works As regards the determination of total water concentrations, for most experiment KFT and FTIR data compare well to each other (Fig. 6 ), although small misfits are found in a few experiments on Etna and Stromboli, typically those in which more than 4 charges were ran together (runs 2,3 and 5) and where quench crystals are present (run2#12, run5#3). Figure 2d shows that at low pressures (<1 kbar) the melt composition, from MORB to alkali basalt to tephrite, has no detectable effect on water solubility. In contrast, at 2 kbar and above, the alkali-richest composition (tephrite, VES-9) dissolves more H 2 O than the two others, comparatively less alkali-rich, basalts PST-9 and ETN-1, the difference increasing with pressure. For instance, at 2,760 bar, VES-9 dissolves 6.6 wt%H 2 O, whereas ETN-1 dissolves 6.2 wt% and PST-9 6.0 wt%H 2 O. Similarly, the H 2 O solubility of a MORB at the same pressure can be calculated to be 5.99 wt% H 2 O (Dixon et al. 1995) . At 2 kb and 1,200°C, Behrens et al. (2009) report H 2 O solubilities of 5.19-5.32 wt% for a phonotephrite, depending on fO 2 , in reasonable agreement with the value we find for our tephrite (5.46 wt%).
Discussion
Differences in composition between VES-9, ETN-1 and PST-9 concern several major element oxides and in particular the alkali (Table 1 ). Figure 7 shows that the total water dissolved in the melts at 2 and 3 kbar is positively correlated with the total alkali contents (Na 2 O + K 2 O). This stresses the importance of the total alkali content on the water solubility, an indication that the water dissolution mechanism is probably directly influenced by the alkali cations present in the melt.
Empirical model of water solubility in basaltic melts
An empirical model of water solubility of alkali basalts in our experimental pressure range (from 163 to 3,842 bar), for a temperature of 1,200°C has been constructed, in which the effects of alkalinity and oxygen fugacity (Berndt et al. 2002) are taken into account. The following simple expression was found to yield satisfactory results:
where H 2 O (wt%) is the solubility of water in the melt, H 2 O MORB (wt%) is the solubility of water in the MORB determined by using the Dixon's model (Dixon et al. (1995) , P is the pressure (bar), ΔNNO is the oxygen fugacity and α, β, γ and δ are empirical parameters which were determined by fitting our data and those of Hamilton et al. (1964) , Ohlhorst et al. (2001) , Berndt et al. (2002) and Botcharnikov et al. (2005) . Only one datum from Ohlhorst et al. (2001) , for which the relative variation between the experimental and the calculated values was around 30%, and the data of Hamilton et al. (1964) at pressures above 4 kbar were not included. In fact, as noted by Berndt et al. (2002) , the method employed by Hamilton et al. (1964) underestimates water contents in hydrous glasses synthesized at pressures above 4 kbar. The difference between experimental and calculated values is less than 5% for more than 80% of the data set (Fig. 8a) . The fitted parameters are α = 5.84*10 −5 , β = −2.04*10 −2 , γ = 4.67*10 −2 and δ = −2.29*10 −1 .
As a test of our model, we applied it to the experimental results of Di Matteo et al. (2006) on shoshonite and latitic melts and to the study of Behrens et al. (2009) , who worked out the H 2 O solubilities of an ultrapotassic melt at pressures up to 5 kbar. Figure 8b shows that both sets of data are well reproduced by our empirical model. The data of Di Matteo et al. (2006) are reproduced with less than 15% of error. Behrens et al. (2009) did not apply the correction of 0.10 ± 0.05 wt% to their results, as the dehydration is more efficient in silica-poor viscous melts. To be consistent with our data and the way the empirical model has been built, the value of 0.10 ± 0.05 wt% has been added to solubility data. 
Water speciation in basaltic glasses and melts
Water speciation in glasses
In this section, we focus on the water speciation in the quenched glasses. Silver and Stolper (1989) have shown that the distribution between the species concentrations (hydroxyl groups and molecular water) in hydrous albite glass can be faithfully described by a regular solution model which Dixon et al. (1995) also used for MORB. Within the regular solution approximation for mixing between water molecules, hydroxyl groups and anhydrous species, the equation describing the relationships between the species abundances is (Silver and Stolper 1989) :
For each composition, we fitted our species proportions to A′, B′ and C′ parameters by least squares regression (Table 5 ). The comparison of these parameters obtained for alkali basalts against those of MORB (Dixon et al. 1995 ) is shown in Fig. 9 . A′, B′ and C′ parameters follow a regular evolution with alkalinity of the melt (Fig. 9) , the parameter B′ being the most variable. The evolution of parameters A′, B′ and C′ with alkalinity can be in turn described by the following simple linear equations: This parameterization enables one to calculate the species distribution of water in basaltic glasses having alkali contents different than those of MORB, (but with SiO 2 contents close to 50 wt%). However, it is worth pointing out that the regressions above apply to melts quenched at similar rates, close to 500°C/s. This stresses the need to take into account the temperature dependence of the water speciation, as detailed below.
Water speciation in basaltic liquids/melts
Early measurements of water species in basaltic glasses produced over a range of quench rates (8 − 500 K/s) lead Dixon et al. (1995) to conclude that basaltic melts basically preserve their high temperature water speciation when quenched to the glassy state. This is in sharp contrast to what has been observed in more silicic compositions, in particular rhyolites. The latter have been shown clearly to have their speciation significantly affected during cooling as demonstrated from either room temperature (e.g. Silver and Stolper 1989) or direct in situ spectroscopic measurements (e.g. Nowak and Behrens 1995; Shen and Keppler 1995) . This kinetic phenomenon is now well established and used in particular as a geospeedometer (e.g. Zhang et al. 2000) . Below, we show that the interpretation of our results within the framework of the glass transition theory (e.g. Dingwell and Webb 1990; Behrens and Nowak 2003; Gottsmann et al. 2002; Giordano et al. 2005; Potuzak et al. 2008; Nichols et al. 2009 ) allows to evaluate to what extent our hydrous mafic melt compositions preserve their high temperature speciation upon quench. The approach uses recent advances in the field of silicate melt viscosities (Giordano et al. 2008) .
To define the glass transition temperature, Tg, we follow the approach of Botcharnikov et al. (2006) . It is based on the calculation of the melt viscosity η* (Pa s) at Tg using the relationship derived by Scherer (1984): where q is the quench rate (K/s).
The constant, termed the shift factor, depends on the convention used to define the glass transition (e.g. Nichols et al. 2009 ). For instance, Stevenson et al. (1995) , Zhang et al. (1997) and Toplis et al. (2001) used different values, which yield one log unit of difference in the viscosity calculation. Gottsman et al. (2002) have shown that the shift factor can be related to the molar amounts of excess oxides (i.e. network modifiers). Although composition-specific shift factors can be calculated, the value proposed by Botcharnikov et al. (2006) is used below in order to facilitate comparison.
Tg is determined from the model of Giordano et al. (2008):
In this equation, A is the viscosity of silicate melts at infinite temperature and is considered to be independent of composition, whilst B and C coefficients are linear combinations of oxide components (mol%) and several multiplicative oxide cross-terms. Thus, fixing the viscosity to the value reached at the melt/glass transition temperature using Eq. 11 allows one to calculate the temperature of the glass transition for each charge. This temperature, also designated the fictive temperature (T f ), is given in Table 3 . It is important to notice that an uncertainty on the calculated log η leads to a large uncertainty (about 20%) on the calculated glass transition temperature, and therefore these values must be considered very carefully.
To test the applicability of this general viscosity model, the model of Hui and Zhang (2007) has also been tested to determine Tg. After comparison between calculated temperatures with both models, it appears that the differences have been found to be less than 15%. Considering the uncertainty on the calculated temperature, we can consider that both models give similar results. Therefore, we used the Giordano et al. (2008) model.
As stressed out previously, based on previous works performed on more silicic compositions, it can be anticipated that the water speciation we have determined at room temperature is the water speciation that was frozen-in once the charge reached the glass transition temperature, which can be determined by the method described above. Thus, we can calculate the equilibrium constant of the reaction that governs water speciation in the silicate melt (e.g. Silver and Stolper 1985) over a range of temperature (e.g. Botcharnikov et al. 2006 Stolper 1982 and Stopler 1989) . In the ideal approximation, K 1 can be calculated directly using the mole fractions obtained from the H 2 O mol and OH − weight per cent determined by FTIR, and using the molecular weight of the anhydrous basaltic melt (36.594 g/mol) on a one oxygen basis. Results are shown in Table 3 . Figure 10 shows the variation of ln K 1 against the reciprocal temperature. Only data obtained on experimental melts obtained at pressures above 250 bar are taken into account, as at lower pressure data are associated with higher uncertainties due to quench difficulties. Negative linear correlations are observed for the three compositions, each with a good correlation coefficient (R 2 > 0.9). The following linear regressions have been obtained:
These regressions are obtained from FTIR data, using the TT method (Ohlhorst et al. 2001) , and would be different if using the GG method (Lui et al. 2004) . Also this method can be applied only to basaltic melts displaying a similar shape of the Fe-related bands as the glasses used in this study. Both the slopes retrieved (from −8,700 for a Strombolian basalt to −8,033 for a Vesuvian basalt) and the range of calculated fictive temperatures (between 760 and 892 K) are similar for the three basaltic compositions. In other words, although each composition defines its own trend, no clear compositional dependence emerges from our data set. There is also no effect of total pressure on K 1 discernible from our database, which suggests that the volume change associated with reaction (13) is small for hydrous basaltic melts in the pressure range investigated (e.g. Silver and Stolper 1985) .
Equations 15-17 allow us to recalculate the water speciation at the experimental temperature using the following relationships derived by Silver and Stolper (1985) :
And,
where X B is the mole fraction of total water, calculated on the basis of one oxygen for the anhydrous component. For all three compositions, the calculated water species at 1,200°C (reported in Table 3) show that the hydroxyl group constitutes more than 90% of the total water (Fig. 5d) . Thus, during cooling of hydrous basaltic melts, reaction (13) is strongly shifted rightward. Comparison between naturally quenched melts (e.g. Dixon et al. 1995; Dixon 1997) and those made in the laboratory shows that both preserve broadly similar speciation patterns (e.g. Nichols et al. 2009) , suggesting similar quenching rates. This suggests that any structural response (relaxation) of hydrous basalt melts upon cooling is an exceedingly fast process, with the implication that high temperature H-bearing species proportions are virtually not quenchable using conventional laboratory techniques.
On Fig. 10b , we compare our data with those obtained in previous works on different melt compositions, andesitic (Botcharnikov et al. 2006) to basaltic (Dixon et al. 1995; Behrens et al. 2009 ). The fictive temperature for the glasses of Dixon et al. (1995) and Behrens et al. (2009) was calculated following the procedure given above, using the viscosity model of Giordano et al. (2008) . It appears that the andesitic composition has higher values of T f , between 729 and 829 K, when compared to those retrieved for basaltic compositions, which is in line with the generally higher melt viscosity of the more silicic melt compositions (Giordano et al. 2008) . Glass/melt transition temperatures calculated for our experimental charges are similar to those calculated from Behrens et al. (2009) , but are systematically lower than those calculated from Dixon et al. (1995) data, which reflects the fact that Dixon et al. (1995) essentially explored low melt water contents (i.e. low total pressures), relevant to mid-ocean ridge magmatism.
The trends displayed by the Dixon et al. (1995) , Botcharnikov et al. (2006) and Behrens et al. (2009) experiments in Fig. 10b have all broadly similar slopes, although the dispersion is relatively important for the basaltic subset part of the data (R 2 = 0.53 for Behrens et al. (2009) and R 2 = 0.35 for Dixon et al. (1995) ). In comparison, the trends defined by our experiments have higher slopes. However, given the considerable scatter of the data, it is still unclear whether the differences in slopes are due to a true difference in the temperature dependence of the water speciation reaction between the various melt compositions worked with or simply reflect the uncertainties associated with the respective experimental methods and results.
In general, the data from previous works display ln K 1 values higher than in this study, although the data for PST-9 extend the data of Dixon et al. (1995) and compare reasonably well with those of Behrens et al. (2009) . The overall lower ln K 1 values obtained in this study implies that molecular water is more abundant, and OH groups less abundant, in our glasses. As shown previously (e.g. Zhang et al. 1997; Behrens and Nowak 2003) , the higher the quench rate, the higher the concentration of OH groups at constant total water content. On this basis, we suggest that the observed differences in ln K 1 values reflect in large part variations in quench rates imposed by the various experimental equipments used. Altogether, the comparison of our results with data from previous works on basaltic compositions, as well as with data pertaining to other more silicic compositions (see Botcharnikov et al. 2006) , argues for a relatively weak compositional dependence of water speciation in silicate melts of geological interest, a point already made by Stolper (1982) and Silver and Stolper (1985) .
For convenience, the temperature dependence of the water speciation evidenced above can be incorporated into the regular solution formulation as well (see Silver and Stolper 1989) . To do so, let us first recall the meaning of the A′, B′ and C′ terms used in Eq. 7. Following Silver and Stolper (1989) , those three terms are defined as:
where the W i-j are binary interaction parameters between species i and species j, usually considered as being independent of both T and P, K 1 being the equilibrium constant of reaction (13). It has to be noted that in the regular solution model, the values of K 1 cannot be determined directly from measured species (i.e. the K 1 values here differ from the previously derived Eqs. 15-17). In the first applications of the regular solution model (e.g. Silver and Stolper 1989) , the K 1 constant was considered to be either not or only marginally affected by temperature changes. In the classical derivation (e.g. Dixon et al. 1995) , the three terms (A′, B′ and C′) were thus given constant values, which reflect primarily that speciation and solubility data of H 2 O in silicate melts are usually obtained isothermally. Our measurements, as well as those made by several groups over the last years, allow us to relax such an assumption. The easiest way of incorporating a temperature effect upon speciation is to assume that K 1 follows a temperature dependence of the type (e.g. Silver and Stolper 1989 
):
We have regressed our speciation data of the three compositions, using the explicit formulation given above for lnK 1 , A′, B′ and C′ parameters. Linear regressions yield the following values:
During the regression procedure, we first treated each composition separately. Yet, it was subsequently found that regression over the entire data set yielded also good residuals. Therefore, within the uncertainty of the speciation data, a temperature-dependent regular solution model cannot distinguish any compositional effect, unlike the case when no temperature effect is incorporated. This model allows one to calculate the water speciation of hydrous basaltic melts of variable alkalinity, provided that the temperature of quench is independently known. Alternatively, if equilibrium between species is assumed to have been preserved, the above set of equations can be solved for T in order to find the glass transition temperature.
Thermodynamics of water solubility in basaltic melts
Partial molar volume of molecular H 2 O
Various recent works have shown how the solubility laws of volatile components in silicate melts can be used to calculate the composition of the fluid phase exsolved during ascension of magmas (e.g. Pichavant 2003, 2005; Moretti et al. 2003; Burgisser and Scaillet 2007; Burgisser et al. 2008) . The empirical Eqs. 1-3., though accurate, are valid only for the compositions onto which they have been calibrated. In addition, their application outside the calibrated range is somewhat hazardous. For the sake of generality in the context of magma degassing, it is thus of interest to derive a more general, as well as rigorous, formalism relating water fugacity to its concentration. To this end, in what follows we apply the thermodynamical model developed by Stolper and co-workers in order to derive the activity (fugacity)-composition relationships of water (the dissolved water species considered here being molecular H 2 O) in our basaltic melts as a function of pressure and temperature. The basic equation reads as (e.g. Silver and Stolper 1989): where P 0 and T 0 are a reference pressure and temperature; R is the gas constant (83.15 cm 3 bar/mol,K); is the activity of water in vapour-saturated basaltic melt at P 0 and T 0; and are the fugacities of pure water vapour at T, P and P 0 , T 0 , respectively, here calculated using a modified Redlich-Kwong equation of state for H 2 O (Holloway 1977; Dixon et al. 1995) ;
(cm 3 /mol) is the partial molar volume of water in the melt in its standard state and is generally assumed to be independent of pressure and temperature, , where (kJ/mol) is the molar enthalpy of water vapour at T at a pressure low enough for the vapour phase to be ideal and is the enthalpy per mole of water in the melt in its standard state at T 0 and P 0 . is assumed to be independent of temperature but is a function of pressure (Stolper and Holloway 1988; Stolper et al. 1987) . Although, as stressed above, water speciation is well described using a regular solution model, several works have shown (e.g. Stolper 1982; Silver and Stolper 1989; Blank et al. 1993; Dixon et al. 1995) that the activity of molecular water in silicate melts obeys Henry's law, in particular in the dilute range:
The fact that water solubility follows a Henrian behaviour has the main advantage of keeping a simple functional relationship between fugacity and concentration. So Eq. 28 can be rewritten:
The validity of such an assumption can be readily tested by plotting XH 2 O m against (Fig. 11) . Regardless of which XH 2 O m is used, i.e. that measured in the glass or that recalculated at 1,200°C, in both cases and over the entire range of water content, strong near linear correlations are observed, all three compositions falling on the same trend.
We have fitted our data to Eq. 30, using the speciation as preserved in the glassy state (thus ignoring temperature effects) and first assuming that the volume term is independent of pressure. With these assumptions, Eq. 31 breaks into the following simple expression:
We have applied a unique regression to the entire data set since no systematic compositional effect was found. Best fit values for XH 2 O m ° and VH 2 O m ° are 5.71 × 10 −5 and 26.9 cm 3 /mol, respectively. The molar volume obtained is within the range of values derived for other silicate melt compositions, (Lange 1994) , although somewhat higher than the value previously obtained for mafic liquids (12 cm 3 /mol tholeiite, Holloway and Blank, 1994; Dixon et al. 1995) . Equation 31 offers a simple way of calculating the corresponding to an amount of molecular water dissolved measured at room temperature in a basaltic glass, regardless of the quenching rate as long as it is less than 500°C/s, the fastest that can be applied in laboratory using conventional techniques. Excluding two charges (Etna 30#4 and 37#2), experimental values are back calculated with the above equation to within 12% relative.
At this point, the assumption of the constancy of partial molar volume of water in silicate liquids can be also questioned. From measurements of the molar volume of hydrous albite liquids, Ochs and Lange (1997) where the b term represents the partial molar volume at 1 bar, whilst the a term represents a proxy of the compressibility.
This expression has been incorporated to Eq. 16, and calculation of molar volume has been made through the integration of this equation. Numerical values obtained for molar volume has been found to be unrealistic. Therefore, this sophistication is not justified here.
The above approach has been also applied with XH 2 O m abundances calculated at 1,200°C, using either a constant or a variable molar volume for molecular water. In both cases, however, values obtained for VH 2 O° are strongly negative (−15.9 cm 3 /mol for the constant approximation and −48 cm 3 /mol at 1 bar for the variable one). Negative or nil volumes for molecular water using the same approach as here have been already reported in the literature, notably for rhyolitic compositions (e.g. Silver et al. 1990; Holloway and Blank 1994) . It is unknown whether they arise from inappropriate simplifying thermodynamic assumptions, from uncertain estimates of the proportions of molecular water or from other factors (e.g. Silver et al. 1990) . In face of those difficulties and considering that in most cases the temperature of quenching of magmatic liquids is not known (which prevents recalculation of actual water species), we recommend the use of room temperature data together with Eq. 31 whenever the value of water fugacity corresponding to an hydrous basalt glass is to be calculated from its amount of dissolved molecular water.
Partial molar volume of total water
To calculate silicate melt densities, including those of basaltic composition, the master variable is the effect of bulk water content. The above section has considered only molecular water, which at magmatic temperatures may amount to less than 10% of the bulk water, in which case, the main effect on melt density is to come from hydroxyl groups whose partial molar volume is lacking. However, Ochs and Lange (1999) have shown that, in addition to melt composition, the partial molar volume of bulk water is insensitive to both the amount and speciation of water ; they concluded that the partial molar volume of water in silicate melts of geological interest is ca 23 cm 3 /mol at 1 bar (and 1,000°C). On this basis, we now use the approach described by Lange (1994) , in which the total water, instead of only its molecular form, is taken into account, to test to what extent such a value is compatible with water solubility constraints in basalt melts. The bulk equilibrium between H 2 O in a vapour and a coexisting silicate melt reads as: the equilibrium condition of Eq. 33 under isothermal conditions can be written as:
where is the change in free energy of the reaction as a function of pressure and at a constant temperature T, is the standard state change in free energy at one bar and temperature T, is the activity of total water in the melt, is the fugacity of pure water vapour and is the partial molar volume of the total water component dissolved in the silicate melt. This equation can be rewritten:
where is the melt activity coefficient for the total H 2 O component dissolved in the basaltic melt. If we assume that the activity coefficient is independent of the pressure and that the molar volume of total water is also pressure independent, then a plot of versus P − 1/RT should result in a straight line, whose slope is equal to . Results are shown in Fig. 12 . It appears that instead of a line, we obtain logarithmic curves, the three compositions defining again one single trend. One obvious explanation of the departure from a linear relationship at low pressures is that the assumption on the invariance of the volume relative to pressure is incorrect. The same holds true for the assumed invariance of the activity coefficient with pressure. If, however, only the data obtained at pressures above 1 kbar are taken into account, a straight line can be drawn, from which a molar volume for bulk water can be extracted. The obtained for the three compositions are similar to each other, around 35 cm 3 /mol (33.37 ± 0.73, 36.20 ± 0.74 and 35.98 ± 0.73 cm 3 /mol for VES-9, ETN-1 and PST-9, respectively). Consideration of the data of Hamilton et al. (1964, 19 .12 ± 0.39 cm 3 /mol) allows us to expand the calibrated pressure range by a factor of 2 and leads to a decrease in the molar volume of water relative to that obtained from the alkali basalts only, at around 19 cm 3 /mol. Such a value agrees reasonably well with previous determination of the partial molar volume of bulk water in a variety of silicate liquids (e.g. Lange 1994; Lange 1997, 1999 ). Yet, clearly such a value no longer applies in the low pressure range, which is the one of interests when modelling degassing during magma uprising.
Conclusions
1. Experiments at 1,200°C and pressures from 170 to 3,842 bar have been performed to determine the solubilities of H 2 O in alkali basaltic melts. 2. Molar extinction coefficients of molecular water and hydroxyl groups have been determined for the three alkali basaltic melts, assuming that quench rate has no effect on it and that they are independent of the total water dissolved in the melt. 3. For the three compositions, the correlations between pressure and concentration of water dissolved in basaltic melts yield the following empirical solubilities laws:
Below 1 kbar, the trends are indistinguishable from those of previous studies performed on either a MORB (Dixon et al. 1995) or other basaltic compositions (Ohlhorst et al. 2001 , Berndt et al. 2002 Behrens et al. 2009 ). 4. At pressures above 2 kbar, different water solubility trends are obtained for the three basaltic melts. The concentration of alkali has a positive effect on water solubilities above 2 kbar, although the effect remains moderate. An empirical model taking into account the role of the total alkali content of the melt of pressure and oxygen fugacity is proposed to describe the solubility of water in alkali basalt melts. 5. Interpretation of the water speciation data in the light of the glass relaxation theory shows that the distribution of water species (molecular H 2 O, hydroxyl groups) in basaltic melts is largely affected during quench. Recalculation of the water speciation shows that, at 1,200°C, hydroxyl groups by far dominate molecular water in basaltic liquids, the latter amounting generally to less of 10% of the bulk water budget. 6. The water speciation data can be correctly described with a regular solution model which incorporates a temperature dependence term. With such an approach, no large compositional effect on water species appears with the currently available database on basaltic liquids. 7. Derivation of the partial molar volume of molecular water yield values comparable to previous estimates, if the room temperature data are used. Using species recalculated at the experimental temperature yields strongly negative values for the molecular water. Derivation of the partial molar volume of total water using our data and other available experimental constraints yields a value of 19 cm3/mol for dissolved H 2 O, at pressures above 1 kbar. (Dixon et al. 1995) for the three compositions investigated Fig. 4 Determination of 4,500 and 5,200 cm −1 M extinction coefficients from measured IR absorbances, using the method described by Novak and Behrens (1995) and Schmidt et al. (2001) . For clarity, only the data for VES-9 are plotted but the three linear regressions determined for each composition are shown Data on alkali basalts from this study and for other basaltic compositions from Dixon et al. 1995; Ohlhorst et al. 2005; Berndt et al. 2002 and Botcharnikov et al. 2005 
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